Objective: Olfacto-gustatory sensory-specific satiety plays an important role in the termination of food ingestion. A defect in this mechanism, by increasing food intake, could be a factor in development of overweight. The present study was conducted to explore whether sensory-specific satiety in the overweight may be different from that in normal-weight subjects. Subjects: 144 subjects (half men, half women; age range: 17-62 years; BMI range: 17-39 kg m À2 ). Measurements: Olfactory pleasure (OP) and flavor pleasure (FP) were evaluated before and after ingestion of a single chosen food. Six foods from three classes were offered: cucumber and tomato, pineapple and banana, and peanut and pistachio. According to the subjects' preference for one of them, subjects were classified into six groups (24 subjects each with equal sex ratio). The experimental sequence was (1) evaluation of the six foods (OP), (2) ad libitum intake of the preferred food (FP) and (3) second evaluation of the six foods (OP). Results: Food intake was limited by sensory-specific satiety (that is, a decline in FP for the ingested food) in overweight subjects just as it was in the leanest. There was no significant correlation between BMI and hedonic parameters (OP and FP) Conclusion: After intake of a single food, olfacto-gustatory sensory-specific satiety correlated with the ingested food's weight and volume and with the duration of ingestion, but not with bodyweight. This suggests that overweight and lean subjects have similar hedonic control of food intake with simple foods.
Introduction
Hedonic sensations related to food components may induce overconsumption that is, energy intake surpassing expenditure. Many studies have observed that smell-and tasteinduced hedonic sensations might explain overeating in some species: palatability 1,2 and food variety 3, 4 are known to increase food intake in both animals 5, 6 and humans. 5, 7 In contrast, three sensory phenomena are known to be involved in the inhibition of food intake and in the onset of satiation in humans. They act by inducing a decrease in pleasantness for olfactory and gustatory food-related stimuli. 8 The first of these mechanisms, 'conditioned satiety', 9, 10 involves an unconscious learning process linking the sensory properties of a food to its energy content. The second, negative 'alimentary alliesthesia', 11, 12 describes a decline in pleasure elicited by olfacto-gustatory food stimuli, when its 'energy part' (e.g. a sweet aqueous solution) arrives in the digestive tract. 10, 11 The third mechanism, 'sensory-specific satiety', is defined as a relative decrease in pleasure aroused by a food just eaten to satiation in contrast to uneaten foods, before its energy content enters the organism. 13 Sensoryspecific satiety does not require the energy content of the food to enter the organism. 14 It is produced during the course of ingestion and is manifest after the end of intake. 13, 15 In normal-weight subjects, these sensory phenomena act as negative feedback mechanisms and end food intake. In this way, they may participate in establishing and correcting energy balance. 16 In overweight persons, few studies have been conducted to study these sensory satiating mechanisms. Mixtures of sugar, a source of sweetness, and fat are considered especially palatable by obese humans, [17] [18] [19] but
Cox et al. 20 found no difference between lean and obese persons for food-selection, taste preferences and hedonic sensations. Blundell and Hill, 21 investigating the intensity of pleasure for sweet solutions and subjective motivations related to eating in both lean and obese subjects, found that negative alimentary alliesthesia was present in lean but not in obese subjects. In contrast, Frankham et al. 22 showed that alimentary alliesthesia was present in obese subjects. Evans and Foltin 23 reported results suggesting that obese women have reduced sensory-specific satiety both with food eaten and with food only tasted. In contrast, Snoek et al. 24 found that there was no difference between obese and normal-weight women with regard to sensoryspecific satiety. Thus, it remains controversial whether and to what extent sensory satiating mechanisms differ in lean and obese human beings.
The aim of the present study was to determine whether overweight persons have a different hedonic reactivity (e.g. reduced sensory-specific satiety) from normal-weight subjects towards simple foods, freely chosen and eaten ad libitum, using six kinds of natural foods. For this purpose, 144 untrained men and women (17-62 years) of different body mass indexes (BMI) were tested.
Materials and methods

Subjects, groups and foods
One hundred and forty-four subjects gave written consent to participate in this experiment. All subjects were untrained and naive about the objectives of the study. BMI ranged from 16.9 to 38.6 kg m À2 and subjects from 17 to 62 years in age. There were equal numbers of men and women (recruitment of women was not cycle dependent). Criteria of inclusion were good general health status, a stable body weight over a period of at least 6 months and normal physical activity. Criteria of exclusion were eating disorders, any disease, slimming diet, age below 17 years and general alimentary aversions or food allergy for any of the foods offered. Subjects were assigned to six groups of 24 subjects each with an equal gender split. Each group was defined according to the subject's olfactory preference for one out of six available foods (i.e. 'the olfactorily preferred food'). To achieve the equilibrium among the six groups concerning gender and preferred food, 242 subjects, uninformed of the objectives of the study, were evaluated (98 subjects were excluded after a preliminary non-analyzed olfactory evaluation, see below).
The six groups differed with regard to the available food. There were two vegetables (cucumber, tomato), two sweet fruits (pineapple, banana) and two kinds of nuts (peanut, pistachio). The foods were all fresh and always of the same varieties. All subjects were tested by the same person in a quiet and odor-neutral room. The ambient temperature was 22.572.21C. Before the test, subjects had free access to mineral water.
Temporal sequence and measurements
The session began between 11:00 and 13:30 h, after at least a 3-h fasting. Hunger and appetite were evaluated 10 min before intake (t À10 ) with the questions 'Do you feel hungry?' and 'Do you have an appetite?' Possible answers were 'yes' and 'no'. At this time, a preliminary non-analyzed olfactory evaluation was used to familiarize subjects with the protocol.
The temporal sequence was then the following (Table 1) : first olfactory evaluation of the six foods (at t À6 ), ad libitum intake of the olfactorily preferred food (at t 0 ), and second olfactory evaluation of the six foods 2 min after the end of intake (at t end þ 2 ).
During the olfactory evaluation (at t À6 and t end þ 2 ), subjects were shown the six foods and then asked to put on an eye mask which they wore throughout the olfactory evaluations. Foods were presented orthonasally, always in the same order, for 10 s each. Three sensations were evaluated: (1) olfactory pleasure (OP) from the question 'How good or bad does this smell?', (2) specific appetite from the question 'Would you like to eat this?' and (3) stimulusinduced salivation from the question 'Is your mouth watering?' 15 For OP, the response was evaluated on an 11-point hedonic scale ( þ 5 delicious to À5 terrible, with 0 indifferent or not perceived). For 'specific appetite' and 'stimulusinduced salivation', the responses were 'yes' or 'no'. At the end of the first olfactory evaluation (t À6 ), subjects had to choose 'the olfactorily preferred food' which they subsequently had to eat (at t 0 ). At the beginning and at the end of the ad libitum intake of the chosen food (first and last bite), subjects rated their Abbreviations: FP, flavor pleasure; OP, olfactory pleasure; SA, specific appetite; SIS, stimulus-induced salivation. The six foods were two vegetables (cucumber and tomato), two fruits (pineapple and banana) and two nuts (peanut, pistachio). The olfactorily preferred food was one of the six which was the most preferred and eaten ad libitum. t -6 : 6 min before the beginning of food intake; t 0 : beginning of intake; t end+2 : 2 min after the end of intake. ). BMI, age, pre-prandial appetite and hunger were not statistically different among the six groups.
Sensory evaluations and intakes
OP for the olfactorily preferred food declined after intake (mean of the six groups: from 2.671.4 to 0.471.3; Po0.01). This decline was significant for each of the preferred foods (Po0.01), with no significant differences between the six groups (i.e. foods). OP for the foods not eaten (five groups taken together, as well as separately) did not change from before to after intake.
After intake, a decrease in 'specific appetite' and 'stimulusinduced salivation' for the preferred food (Po0.01) but no change for the five other not eaten foods was observed.
FP for the olfactorily preferred food declined after eating (mean of the six groups from 3.171.2 to 0.571.7; Po0.01). This decline was significant for each food (Po0.01) with no significant differences among the six groups.
For the olfactorily preferred food, OP before intake correlated positively with initial FP (r ¼ 0.446; Po0.01). Similarly, the declines in OP and in FP correlated with each other (r ¼ 0.233; Po0.01) as did OP after intake with FP at the end of ingestion (r ¼ 0.271; Po0.01).
Mean intakes of the six foods were 1657164 g, 1757254 kcal (73371063 kJ), 1887173 ml (ingested volume) and 1178 min (duration of ingestion). The quantities of vegetables and fruit ingested were greater than those of nuts (Po0.01) and the energy intake from vegetables was lower than that from nuts and banana (Po0.01). Energy density of the food eaten correlated negatively with intakes (weight: r ¼ À0.464, Po0.01; volume: r ¼ À0.373, Po0.01) but not with duration of ingestion. For details on food choices and food intakes, see Appendix A.
Body-weight-related differences Table 2 shows ingested quantities, OP, 'specific appetite' and 'stimulus-induced salivation' in the three groups of subjects with different BMI. The overweight subjects ate a little more (in weight and in volume) than the lean volunteers but the difference did not reach statistical significance.
There was no significant correlation between BMI and hedonic parameters (OP, 'specific appetite', 'stimulus-induced salivation', FP) or intakes (ingested quantity, energy content, volume) concerning the olfactorily preferred food (Appendix B). Figure 1 shows the decline in FP according to Sensory-specific satiety and bodyweight L Brondel et al the subjects' BMI. As shown, the slopes were different in lean and overweight subjects, but not significantly so.
In the same way, there was no significant difference for hedonic parameters (OP, 'specific appetite', 'stimulusinduced salivation', FP) and intakes for the olfactorily preferred food when the 144 subjects were split according to their BMI: half lower than median vs half higher than median (n ¼ 72 vs n ¼ 72); BMIo20 vs BMI425 kg m ). Only two differences linked to subjects' BMI (o20 vs 425 kg m À2 ) were observed: after ingestion of bananas, the decline in OP was greatest in the leanest subjects (2.8 vs 1.1; Po0.01) but this was not accompanied by a significant difference in ingested quantities (137 vs 210 g; NS); OP for peanuts declined most in the leanest subjects (2.1 vs 0.4, Po0.05), because initial preference was much higher (2.0 vs 0.1) in these than in overweight subjects, and this was accompanied by a higher intake (100.1 vs 17.3 g, Po0.05; 565 vs 97 kcal -2365 vs 406 kJ, Po0.05).
Gender-and age-related differences There was no difference between men and women for OP and FP for the olfactorily preferred food (before, during and after intake A near balance in the six food groups with respect to the two age groups, teens (ageo20 years; n ¼ 18) and older adults (age440 years; n ¼ 15), was noted (except for nuts, which were chosen more frequently by teens: 7 vs 4 times). When comparing these two age groups, no significant difference in initial OP and FP was observed. There was no significant correlation between age on the one hand and initial OP or FP and the decreases in these on the other. The only observable feature was that post-ingestive FP was lower in teens than in adults (À0.3 vs 1.3; Po0.05). There was no difference between teens and adults with regard to the ingested food's weight, energy content and volume (Appendix B), but young subjects ate faster than the older ones (8.875.8 vs 14.279.5 min).
Relationship between olfactory pleasure, flavor pleasure and intake For all 144 subjects, neither pre-prandial hunger nor appetite had an impact on OP or FP (initial, decline and final) or on consumed quantities (g, ml, energy) and duration (min) of intake.
Initial, decline and final OP correlated with ingested weight and volume but not with energy content (initial, decline and final OP with weight: r ¼ 0.468, r ¼ 0.271, r ¼ 0.208 and with volume: r ¼ 0.428, r ¼ 0.263, r ¼ 0.171; for all Po0.01). The decline in OP also correlated negatively with energy densities of the foods (r ¼ À0.254, Po0.01). Only initial OP correlated with duration of intake (r ¼ 0.184; Po0.05).
Initial FP correlated with ingested weight (r ¼ 0.415; Po0.01), volume (r ¼ 0.407; Po0.01) and duration of intake (r ¼ 0.343; Po0.01). The decline in FP correlated neither with intake (g, ml, energy content and energy density) nor with duration of intake. Final FP correlated with ingested weight (r ¼ 0.311; Po0.01) and volume (r ¼ 0.285; Po0.01), but not with energy or duration.
Discussion
In this study, a decrease in olfacto-gustatory pleasure after ingestion of various simple foods was observed in the short term. According to the conclusions of our previous study, 25 such a decline in olfactory pleasure, specific to the eaten food and not observed for the five other smelled but not eaten foods, could mainly be attributed to sensoryspecific satiety. Interestingly, the sensory-specific satiety we observed was not related to the subjects' BMI but rather correlated with the ingested amounts (weight, volume and duration). Correlations between BMI and sensory-specific satiety were not significantly different for the leanest and the heaviest subjects, although slopes had different directions.
Sensory-specific satiety and bodyweight L Brondel et al Sensory-specific satiety and BMI It is of great interest to detect whether there is a difference in sensory-specific satiety between lean and obese subjects. Actually, reduced sensory-specific satiety could be a factor through which taste could promote excessive energy intake and contribute to the development or maintenance of obesity in humans. Along this line, Raynor and Epstein, 4 reviewing the effects of food variety on BMI, suggested that increasing food variety may contribute to overweight. They reported 39 studies examining the relationships between dietary variety, energy intake and subjects' BMI; animal and human studies showed that food consumption increases with increasing variety of a meal or a diet and that greater variety is associated with higher BMIs. These authors hypothesized a decrease in sensory-specific satiety in overweight subjects. In the same way, Nasser 17 wrote that 'a lack of difference between lean and obese humans in taste perceptions and food-selection seems counter-intuitive, since good taste is the first reason given by most people for eating foods, and a decrease in good taste is an important reason for stopping food intake'. In the present study, overweight subjects experienced similar sensory-specific satiety to the normal-weight subjects, or even as the slimmest subjects, when eating one simple food ad libitum. Snoek et al., 24 who measured sensoryspecific satiety, as well as food intake, appetite ratings and liking scores in 21 obese and 23 normal-weight women, before and after an ad libitum lunch, reached a similar conclusion. Furthermore, these authors observed that sweet and savory tastes had a stronger effect on sensory-specific satiety than did fat content, but there was no difference between the two BMI groups for this effect. Snoek et al. concluded that 'obese and normal-weight people do not differ in their sensitivity to sensory-specific satiety, and factors other than fat content have the greatest effect on sensory-specific satiety'. Normal sensory-specific satiety in overweight subjects in the present study as well as in that of Snoek et al. 24 may be interpreted in the light of the body-weight set-point concept. 26 Actually, many papers provided evidence that the actual body weight of an animal is compared to a preset target level, and that food intake and energy expenditure are controlled to achieve this target or 'setpoint' [(for review see e.g. Woods SC and Seeley RJ 27 )]. Recently, several models have been proposed to explain the set-point theory and its underlying physiological mechanisms. 28, 29 According to the proposed models, differences between subjects in body mass might reflect different steady-state set-points of body mass and body fatness, which may interact with a variety of genetic and environmental factors. Under conditions of energy imbalance, whatever the mechanisms and central control systems involved, there is evidence that changes in both appetite and food intake do occur to restore body mass to its centrally encoded set-point. Yet, some 'uncompensated factors' not influenced by intake 28, 29 or a change in bodyweight set-point in the long term cannot be fully excluded. 22, 30, 31 To illustrate regulatory set-point, when obese subjects were below their individual set-point (e.g. during food limitation), weight reduction was associated with higher hunger scores (e.g. Lowe et al and Torgerson et al 32, 33 ), higher restraint and lower disinhibition scores, 34 and absence of negative alimentary alliesthesia, 21, 35 in comparison to lean subjects. Indirect arguments may also be put forward: a decrease in fasting leptin concentration with higher hunger ratings was observed in obese women during caloric restriction 36, 37 and a rise in ghrelin concentration in obese subjects was noted during slimming. 38 In the same way, in rats, food intake rose and hedonic reflexes (similar to human negative alimentary alliesthesia as well as sensory-specific satiety) decreased after 48 h of food deprivation. 39 When obese subjects were at their own set-point (i.e. stability in body weight, absence of eating restriction or eating disorders, 'normal' intake and energy balance, and no pathology nor pharmacological treatments interfering with energy balance), hunger sensation 20,24,40 and negative alimentary alliesthesia 22, 35 did not differ from that of lean subjects. Similarly for sensory-specific satiety, no significant differences were observed between lean and obese subjects when unrestricted. 24 This was confirmed in the present study, in subjects with a stable body weight for more than 6 months and 'normal' hunger before measurements. Similar sensory-specific satiety in lean and overweight subjects when at their own stable body-weight setpoint, described in the present work, is coherent with two other findings. First, numerous studies investigating the sensory responses of human subjects to food found no difference between obese and normal-weight subjects in sensory perception, 17, 41 even in subjects with high BMI and low PROP sensitivity. 42 In the same way, sensory preference for sugar did not differ between overweight and normal-weight subjects, [43] [44] [45] although obese subjects seemed to show a higher preference for high fat/high energy-dense foods. [45] [46] [47] Secondly, Cox et al., 20 studying food selection, taste perception and hedonic sensations in 41 lean and 35 obese adults on a dietary record basis, found no difference between lean and obese humans. Yet, obese subjects consumed a diet higher in energy density, associated with intakes of savory food items whereas the lean group preferred sweet foods. Cox et al. concluded that obese and lean subjects do not selfselect diets with markedly different perceived sensory or hedonic attributes. In summary, we have observed that subjects with high stable BMI are not less sensitive to sensoryspecific satiety for several simple foods than lean subjects. Furthermore, we did not observe any significant influence of age and gender on sensory-specific satiety and BMI (see below).
Sensory-specific satiety and bodyweight L Brondel et al Of course, this study cannot exclude the existence of other factors that may differ between lean and overweight subjects, in particular during the dynamic phase of bodyweight gain. As an example, according to others, obese subjects may be more responsive to the hedonic value of food, 41, 48, 49 have a higher sensory reward during a meal, 50 have a preference for energy-dense foods, 20, 41 have more appetite after eating a single food to satiation, 24 have higher interest for uneaten foods after having eaten a specific one, 24 and be more sensitive to environmental factors. 41 In that way, some obese subjects claim that their eating is 'out of their control'.
51
Sensory-specific satiety, gender and age No gender-related differences in sensory-specific satiety could be observed in this study. This is in accordance with other authors because such a difference in sensoryspecific satiety between males and females has not yet been reported. This contrasts with negative alliesthesia for sweets 52 and food preferences which may differ between genders. 53, 54 Similarly, no difference in sensory-specific satiety was observed for subjects' aged 17-62 years (although the groups were not balanced for age). The absence of age-related differences in sensory-specific satiety is concordant with literature data as a decrease in sensory-specific satiety was only noted in individuals over the age of 65 years, 55 in whom chemosensory perceptual systems often fade, 56, 57 food preferences may change 54, 55 and energy intake may be deregulated.
58
Sensory-specific satiety and food consumed Significant correlations were observed between sensory-specific satiety and ingested quantities (weight, volume and duration). First, initial OP and initial FP correlated with the ingested food's weight and volume as well as with the duration of intake. This underlines the fact that initial pleasure has a positive effect on subsequent food intake (the more a given food is initially liked, the more of it will be eaten subsequently). Actually, many studies have shown that ratings of 'liking' for a food correlate with ad libitum intake of that food. 24, 59, 60 Second, the decline in OP (i.e. olfactory sensory-specific satiety) correlated with the ingested food's weight and volume as previously reported. 14, 61, 62 This supports the hypothesis that gastric stimulation, which is sensitive to ingested weight and volume in the very short term after the onset of ingestion, could reinforce sensory-specific satiety. In that way, greater sensory-specific satiety was observed for a food that had been eaten to satiation than that induced by only chewing or smelling that food. 14 In contrast, similar ingested volumes with different caloric content induced similar sensoryspecific satiety. 62, 63 One can hypothesize that gastric stimulation has a potentiator effect on sensory-specific satiety because the satiating effect of gastric distension has been known for a long time.
8, [64] [65] [66] On the other hand, energy content and energy densities of foods seemed to have no effect on sensory-specific satiety since we observed (i) sensory-specific satiety after consumption of foods of very feeble energy contents (as in the case of cucumber and tomato), (ii) no difference in the declines in OP and FP for foods of very different energy densities (energy density of nuts was higher than that of vegetables) and (iii) no positive correlation (but in contrast a negative one) between the decline in OP and the energy density of the foods as well as no significant correlation between the decline in FP and the energy density of the foods. This is in accordance with other studies showing that very low-calorie foods are capable of producing sensory-specific satiety, 67, 68 and where eating potato chips, 69 soup 70 or pudding 63 with high or low -energy content did not influence sensory-specific satiety differently. In accordance with others, 61, 62, 71 the present results suggest that post-gastric detection of caloric content of a food seems to have little or no effect on the degree of sensory-specific satiety. On the other hand, it is well known that the energy density of foods modulates food intake independently of macronutrients content. [71] [72] [73] [74] This was also found in the present work. Therefore, it can be assumed, as suggested by others, 75, 76 that cognitive and orosensory factors, as well as physiological control related to gastric distension and rate of gastric emptying or hormonal signals could be associated with sensory-specific satiety for the particular high satiating effect of some high energy density foods.
Conclusion
According to the present results, sensory-specific satiety for simple foods has a similar effect in a large stable weight population differing in its corpulence, with no influence of gender and age. This indicates that overweight and lean subjects at a stable body weight have similar hedonic control of food intake with simple foods. This conclusion is important because the debate concerning possible differences between lean and overweight subjects with regard to sensory-specific satiety remains controversial. Furthermore, we underline the importance of preabsorptive stimulation from gastrointestinal chemo-and mechanoreceptors by foods eaten to satiation, which may interact with sensory-specific satiety in order to induce meal termination. Of course, the issue around differences in sensory-specific satiety, in particular for complex foods and standard westernized meals, in obese subjects (in particular in massive obese patients and individuals with dynamic vs stable body weight) taking into account unrestricted and restraint eaters remains to be evaluated.
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